Abstract-Thermal loads such as refrigerators and electric space heaters use temperature hysteresis controllers that are insensitive to small temperature fluctuations. This results in an ability to modulate their power consumption, thus providing cost-effective frequency support, balancing services and energy arbitrage. In order to partially realise these benefits, ENTSO-E has proposed a mandatory frequency support service for thermal loads in its Network Code on Demand Connection. This is to be implemented as a proportional shift of the setpoint temperature in accordance with frequency deviations. In this paper we argue that this implementation choice results in an unpredictable response that depends strongly on controller details. Furthermore, it restricts the flexibility to implement advanced controllers that deliver multiple services simultaneously. We present a case study that demonstrates very different frequency response patterns from three controllers that are each compatible with the proposed Code. Alternative implementations of the code and controllers are presented to illustrate the scope for improvement.
I. INTRODUCTION
Thermostatically controlled loads (TCLs; also referred to as 'thermal loads') are appliances that maintain a compartment at a target temperature by controlling the power supplied to a cooling or heating element. This class contains devices such as refrigerators, freezers, air-conditioning units and electric heaters. They are typically controlled using a hysteresis loop, where their temperature fluctuates around a user-defined setpoint. It has been realised [1] - [3] that their intrinsic insensitivity to temperature fluctuations may be used to modulate the power consumption of the appliances, enabling TCLs to provide an array of services to the power system. This is particularly attractive because many TCLs -notably refrigerators and freezers -are connected to the grid at all times.
The European Network of Transmission System Operators for Electricity (ENTSO-E) has proposed a mandatory provision of system frequency control for TCLs as part of the ENTSO-E Network Code on Demand Connection [4] , This research has received funding from the European Union 7th Framework Programme under agreement n • 283012. http://www.itesla-project.eu.
henceforth summarised as Demand Connection Code (DCC).
This would apply to all thermal loads that are considered 'significant', which is thought to include domestic refrigerators, freezers and air-conditioning units. Rather than implementing it as part of national grid codes, it is currently the intention that the mandatory frequency response aspects will be submitted for implementation through the EU's Ecodesign directive [5] .
In this paper we critically assess the mandatory frequency response provision as proposed in article 23 of the DCC. Whereas we support the use of mandates to unlock the significant system value of responsive thermal loads [6] , the proposed implementation has significant weaknesses. Section II summarises the relevant clauses of the DCC, which specify a change in temperature setpoints as a function of grid frequency deviations. We argue that the decision to influence power consumption indirectly by controlling temperatures has two inadvertent effects. The first is that the temperature only determines the long-term power dynamics, leaving considerable scope for different controller implementations and observed short-term response. At the same time, by specifying an aspect of the controller in detail, the DCC effectively suppresses the development of more advanced controllers that can provide additional system services.
Section III-A summarises the relation between temperature and power consumption and details three control strategies that are compatible with the DCC. In section IV their response to a large frequency drop is compared using stochastic simulations of 100,000 appliances, revealing large differences in response patterns. Finally, in section V an example is given of a similar constraint that operates directly on the power consumption of the appliances. Two alternative controllers are described that conform to this set of constraints, and their appropriate response is ascertained by means of device-based simulations.
II. MANDATORY FREQUENCY RESPONSE UNDER THE DCC
A. Two-state thermostically controlled loads
In the context of this paper we assume the common case of TCLs that have two power states ('on' and 'off') and operate in a hysteresis loop. For cooling systems, the 'on' state results in decreasing temperatures and the 'off' state in increasing temperatures, but this is reversed for heating systems. In the following we will refer to cooling systems, and refrigerators in particular, but the equivalent statements for heating systems are straightforward. In normal operation, devices are controlled by switching between cooling and heating at the limits of a temperature range [T min , T max ]: a device switches to the heating state when its temperature T reaches the lower threshold (T ≤ T min ), and back to the cooling state when the upper threshold is reached (T ≥ T max ). The temperature thus fluctuates around the user-defined setpoint T set , which we will assume to be equal to the steady state time-averaged temperatureT 0 .
B. Proposed regulation
Article 23 of the ENTSO-E Network Code on Demand Connection details a mandatory frequency response service for temperature controlled devices [4] . The code prescribes how the temperature setpoint T set shall be adjusted as a function of the grid frequency f , indirectly controlling the power consumption level. It specifies the existence of a deadband around the nominal system frequency f 0 = 50Hz in which the temperature shall remain unaffected. We indicate this deadband by the interval [f 
f ≥ f max (1) which is visually depicted in Figure 1 . Note that the relation between frequency and temperature should be reversed for heating systems.
In addition, the code specifies that the frequency must be measured at least every 0.2 seconds, with a steady state accuracy of 0.05Hz and the ability to detect changes of 0.01Hz. Furthermore, it is well understood that TCLs responding to a frequency disturbance may synchronise their cycles, resulting in long-term oscillatory power consumption [7] . To counter this, the code stipulates that devices resume 'normal operation' after a random delay of up to 5 minutes after the frequency returns to the nominal frequency deadband [f In line with ACER's recommendation 02/2013 of 25 March 2013 the DSR frequency response requirements are no longer part of the Network Code, but they will "be submitted by the TSOs [to the European Commission] as part of a proposal for implementation through the Eco-design directive." [5] Nevertheless, in this paper we refer to the frequency response proposals as part of the DCC, because they are only publicly available as part of the final draft document.
C. Critical analysis
The DCC attempts to unlock the large latent potential for frequency response offered by thermal loads. Instead of specifying the desired response directly in terms of power consumption it defines the required response implicitly, mediated by the setpoint temperature. The choice to frame the requirements with respect to temperatures provides an easy way for devices to enforce per-appliance temperature bounds (i.e quality of service constraints).
However, the use of the setpoint temperature as an indirect lever to modulate power consumption has two distinct drawbacks. The first is of a technical nature: thermal loads typically have typical thermal relaxation times in the order of hours, and changes to the temperature setpoint will only be realised on those time scales. However, the DCC prescribes in detail how the temperature setpoint must change on a much shorter time scale of seconds and minutes. This leaves considerable scope for differences in power response, depending on controller architectures.
The second drawback is philosophical and procedural: by specifying the temperature dynamics of appliances, the DCC violates the principle known in software engineering as separation of concerns. ENTSO-E's aim in developing the DCC is to achieve a significant and predictable frequency response from thermal loads. In line with this aim it should principally specify the desired load characteristics, and leave the implementation details up to the appliance manufacturers -or smart appliance aggregators on their behalf. Specifying controller details in a binding network code carries a real risk of stifling future innovation in the controller space. For example, intelligent controllers may simultaneously provide frequency services and energy arbitrage, but do not necessarily do so in a way that is compatible with the DCC [8] .
The above two concerns will be illustrated in the remainder of this paper. The next section introduces a range of controllers that are compatible with the DCC requirements, and they are shown to have significantly different response signatures. In section V a power-centric alternative regulation is described, and compatible controllers are discussed.
III. TCL CONTROLLERS AND THE DCC A. Relation between power and temperature
In the following we assume a linear first order thermal model for the frequency-responsive loads. The state of each appliance a is thus fully characterised by its temperature T a and its state s a (on or off). The temperature evolution is defined by:
where T off and T on are the asymptotic temperatures for the off and on states, respectively and α is the thermal relaxation constant of the appliance.
The average temperature of a large population of identical appliances is denoted byT (t), a quantity that may also be interpreted as the expected temperature of a single appliance with random initial conditions [7] . In [9] we have demonstrated a relation between the average temperatureT (t) and average power consumptionP (t) for the first order model (2):
HereT 0 is the steady state temperature and we have introduced the relative power level Π(t) =P (t)/P 0 , whereP 0 is the steady state average power consumption. The integral in this equation confirms the intuition that sudden changes in power consumption levels affect temperatures only gradually. Conversely, any desired change in target temperatures will require sufficient time to be realised.
B. Compatible controller implementations
We now describe three very different controller implementations that vary appliance temperature setpoint as a function of frequency in accordance with (1). For conceptual clarity we focus strictly on the case of negative frequency excursions in response to a sudden loss of generation.
1) Threshold controller:
The threshold controller as used in e.g. [2] is a straightforward extension of the regular hysteresis controller. During normal operation, appliances switch off/on at the threshold values T min , T max , respectively. A basic frequency response ability can be implemented by making one or both thresholds dependent on the system frequency. In the following, we focus on the provision of dynamic demand reduction, which is achieved by increasing the average temperature. To this end, we keep constant the upper threshold T max , and we use a dynamic lower threshold T low (f ), with T low (f 0 ) = T min .
As discussed above, the temperature setpoint is an intrinsically long-term concept. In the context of this controller it is the average temperatureT (T low ) that is achieved for a constant value of T low . To a good approximation (results not shown) the steady state distribution of appliance temperatures is uniform over the range [T min , T max ]. Furthermore, we assume that the full range of temperatures is accessible to the controller, so that T max set = T max . In this case we can make the following simple approximation for the desired frequency dependence of T low (t) (for f ≤ f 0 ):
After a loss-of-generation event, T low (t) increases rapidly and any appliances with a temperature less than T low (t) switch off immediately; this results in a rapid and significant response. A disadvantage of a threshold control strategy is that it tends to synchronise the cooling cycles of participating appliances.
2) Stochastic controller: The stochastic controller introduced by Angeli and Kountouriotis [7] (in its basic implementation) uses only random switching events to control appliance temperatures. The relative rates of on-and off-switching determine the asymptotic temperature and power consumption of a population of appliances. The controller is fully specified by two parameters: the desired average temperature T des and the desired temperature variance v des . In the following we take v des = 1(
• C) 2 and T des (t) = T set (f (t)) as defined in (1). This stochastic control strategy explicitly avoids the synchronisation of cooling cycles, but this comes at the cost of a slower and smaller response to frequency deviations.
3) Linear controller: The third controller is based on a recently developed decentralised control strategy that enables real-time control of the aggregate power consumption (details in [9] ). The ability to track arbitrary power profiles enables a controller design that modulates the aggregate TCL power consumption in proportion to the instantaneous frequency deviation. Reconciling this with the DCC proposal requires that the proportionality is chosen such that the long-term average temperature approaches T set as defined in (1). This is achieved for the choice
where we recall that Π(t) = P (t)/P 0 is the power consumption relative to the steady state. This 'linear' controller has the desirable property that its effect at the system level is easy to analyse, because the power consumption is a piecewise linear function of the instantaneous system frequency. This property also implies that there is no payback: when the frequency recovers, the TCLs return to their nominal power consumption. A disadvantage of this controller implementation is that the initial response magnitude is only a fraction of that the threshold controller.
IV. CASE STUDY: PREDICTABILITY OF RESPONSE
We performed simulations with the three controllers described above to illustrate their response after a sudden infeed loss, communicated by the system frequency f (t). In line with the values for the Great Britain system we simulated a sudden loss of generation of 1.8GW, against a total system demand of 50 GW. The power system frequency dynamics are determined using a linear 6th order model [10] , shown in figure 2 as implemented in Simulink. Power and frequency are normalised (per unit) relative to 50GW and 50Hz, respectively. The model parameters are chosen to make frequency correspond to the National Grid requirement in case of abnormal generation loss (f min = 49.2Hz and a recovery to 49.5Hz within 60 seconds after the frequency event): H=4.5s, D=1, Tg=0.2s, R=0.8, Tt=8s. The secondary control (KI=0.01) recovers frequency to its nominal value within 30 minutes. The resulting frequency signal is shown in Figure 3 . For the purpose of this analysis it is assumed that the relative contribution of thermal loads is small, so their actions do not feed back into the frequency signal. Although this should be considered in detailed system studies, it is not essential in the context of this paper. The effect of various controllers is investigated through explicit simulation of 100,000 heterogeneous refrigeration appliances. The model parameters for these appliances are derived from the first order refrigerator model [11] : α = 1.37 × 10
• C. These parameters result in an average temperature T 0 = 4.59
• C and duty cycle π 0 = 0.24. Heterogeneous populations were created by individually randomising the parameters at the device level, applying uniformly random multipliers up to ±20% to the (combinations of) parameters α, T off , T on , (T max − T min ) [size of hysteresis loop] and
For all three controllers we assume a frequency deadband of [49.8Hz, 50.2Hz] and a lower frequency limit of 49.2Hz. Furthermore, the controller parameters for each appliance were initialised according to the randomised model parameters for that appliance. This is consistent with a decentralised, mandatory implementation of frequency response, where each appliance performs according to its physical capabilities.
The system frequency was sampled in intervals of 0.2s, consistent with the minimum frequency measurement rate required by the DCC. The same 0.2s was also used as a time step for simulating the refrigerators with threshold and stochastic controllers. Appliances subject to the linear controller were simulated in continuous time using the eventdriven algorithm described in [9] . In all cases, status and temperature measurements were taken at 1 second intervals for presentation purposes. Figure 4 depicts the simulated changes in power consumption resulting from the sudden infeed loss. The three controller implementations display significantly different responses, both in magnitude and shape. The threshold controller demonstrates the largest response magnitude by essentially switching off all appliances at the frequency nadir. In contrast, the other controllers reduce power consumption by only 10-15%. The stochastic controller exhibits a slower response rate than the other controllers.
A. Results
The bottom panel also shows the tendency of the threshold controller to synchronisation cooling cycles, resulting in large power consumption swings on longer time scales. This could be partially offset by a suitable desynchronisation strategy, but it is not immediately clear how such a strategy should be implemented. The DCC stipulates that on return to the nominal frequency deadband, "a random time delay of up to 5 minutes shall be initiated before normal operation resumes." [4] . However, it is not clear what this entails for the threshold controller, as T low (f ) has already recovered its normal value T min by this time. A further randomisation of device states is likely to reduce but not eliminate the synchronisation for this controller. The other controllers do not suffer from synchronisation, so that further randomisation is unnecessary.
Finally, figure 5 illustrates the difference between the setpoint temperature (target) as defined by equation (1) controllers. Note that a relative scale of [T 0 , T max ] is used, because the numerical values associated with these points were different for each appliance. This figure reiterates that actual appliance temperatures change on a much longer time scale than the reference signal. The frequency-sensitive setpoint is therefore insufficient to specify the actual behaviour of the controller on the relevant time scale of seconds and minutes.
V. ALTERNATIVE FORMULATIONS
The previous sections have highlighted challenges related to the proposed mandatory frequency response under the DCC: unpredictability of the response under different controllers, and restrictions on the freedom to design novel controllers. Fundamentally, these challenges arise from the decision to control power consumption indirectly through the temperature setpoint.
It would be preferable to specify the frequency response directly in the power domain. Doing so would improve the predictability of the response, and would separate the responsibilities of network operators and controller designers. For example, such a specification could consist of the following elements:
• During normal operation, the relative power consumption of a large population of appliances should remain within 5% of the nominal value.
• When the frequency exceeds the nominal deadband, the change in power consumption should equal or exceed the linearised power response model in Figure 6 .
• After the frequency returns to the nominal deadband, the maximum response gradually decreases over a period of 5 minutes. The result of this policy for the frequency curve of Figure 3 and P min = 0.5P 0 is depicted in Figure 6 , where disallowed power levels are indicated in grey.
A. Controllers
The design flexibility offered by the decentralised control strategy in [9] enables us to propose alternate controllers that are compatible with this policy. Two examples are:
Pmax grid frequency power consumption • Enhanced linear controller. The response of the linear controller defined in section III-A is enhanced to achieve the lower power limit defined in [9] (Π ≈ 0.5) at the lower frequency bound f min .
• Preset controller. Instead of a frequency-dependent curve, the initial frequency drop triggers a predefined response pattern. In our example the power consumption is reduced to 50% of the nominal value for 5 minutes, followed by a 5 minute ramp to a value of 105% of nominal consumption, which is maintained for 47.5 minutes before returning to the 100% level. Such a design enables a large initial response coupled with an explicit payback period that restores device temperatures.
The results obtained with these controllers are shown in figure 7 alongside the threshold controller. They illustrate the power of enabling a larger variety of control strategies, and the ability to avoid synchronisation as an intrinsic part of controller design. Furthermore, these alternative controllers are compatible with the simultaneous provision of multiple services [8] .
VI. CONCLUSIONS The mandatory contribution to system frequency control by thermal loads as proposed in the ENTSO-E Network Code on Demand Connection relies on direct control of the temperature setpoint. We have argued that controlling this asymptotic quantity is not sufficient to specify the desired response, and we have demonstrated this using a case study that shows wildly divergent behaviour of three controllers that conform to the proposed standard. Furthermore, we would argue that the proposed standard simultaneously restricts controller design and may inadvertently inhibit the development of more advanced control schemes, and the application to new technologies.
We have provided an example of an alternative powercentric regulatory framework that would avoid these issues. Furthermore, we have described two compatible controllers that have desirable properties, but would not be allowed under the DCC. We note that realistic implementations should tune the mandatory response magnitude and duration to the physical abilities of the appliances. Also, when significant numbers of responsive loads are involved, care should be taken to avoid triggering an excessive response due to delays in measurement and response (not considered here).
